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INTRODUCTION 


Cyclic pressurization of a thick-walled cylinder will cause fatigue cracking if enough cycles 
of high pressure are applied. For cannon tubes, the pressure and number of firing cycles of the 
more severe service conditions are nearly always sufficient to cause fatigue cracking, therefore 
fatigue failure is always a possibility. The main concerns are the risk to life and the damage to 
materiel caused by the final, abrupt growth cf the crack through the tube wall. There is a 
particular risk if this final growth through the wall is a large perforation, typically resulting in 
some amount of crack growth along the tube axis. This risk of final failure has been successfully 
addressed by testing several tubes to failure and using statistics to determine a safe firing life, 
which greatly minimizes the chance of any type of failure (ref 1). Although the use cf a safe life 
reduces the risk of failure to an acceptable level, it has a cost-the significant difference between 
the conservative safe life and mean life from the fatigue tests. If a reliable description could be 
made of the severity of final failure of a cylinder, then a less conservative sate life could be used 
for a tube with a less severe type of failure, and there would be a significant cost savings 
associated with allowing the safe life to more closely approximate the mean life. 

The objective of the work described in this report was to establish reliable criteria to 
distinguish between a severe final fatigue failure mode of a tube with considerable through-wall 
crack growth and a less severe mode with limited through-wall growth. Four series of cannon 
tube fatigue tests were analyzed to determine a simple, reliable description of the severity of the 
final fatigue failure. The ideal description would ensure a plastic yielding controlled failure and 
would be determined from easily obtained material properties and cylinder dimensions. In the 
following sections, a brief description of the fatigue tests and the applied stress intensity faaor of 
the tests are given, and the concept of yield-before-break analysis of the final failure of the tubes 
is described. 

Before proceeding with the yield-before-break discussions, the relationship of this topic 
with leak-before-break analysis of pressure vessels should be briefly discussed. The work of 
Schmitt et al. (ref 2) gives a good example of the leak-before-break concept as currently applied 
to pressure vessels, including the use of the J-integral concept to evaluate crack growth. 
Leak-before-break analysis is certainly useful to evaluate the failure of pressure vessels, but it 
addresses a point in the failure of a vessel beyond the scope of this work. Lcak-before-break 
analysis evaluates the vessel after significant through-wall crack growth and associated leaking of 
the pressure vessel have occurred. Yield-before-break analysis evaluates the point where the 
crack is still a part-through surface crack in order to describe the severity of the final failure 
about to occur. In addition, the yield-before-break method is typically applied to higher strength, 
lower toughness steels than the leak-before-break method. 


FATIGUE TESTS 

Hydraulic fatigue tests have been performed at the U.S. Army Armament Research. 
Devrlopmcnt, & Engineering Center for a variety of Ni-Cr-Mo high strength steel cannon tubes. 
The test procedures and results for 175-mm inner diameter (ID) tubes are described in 
Reference 1. Sioiilar tests for three other size tubes have been performed, as listed in Table 1. 
The tubes have radius ratio. r./r„ of about 2, tensile strength of 1100 to 1400 MPa. and a 
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composition typical of ASTM A723 steel. Details are given in Table 1. The 155-, 105-, and 120- 
mm tubes were overstrained before testing and had a residual stress distribution corresponding to 
plastic deformation through about 60 percent of the wall thickness. The details of the residual 
stresses are discussed later. The 175-mm tubes had no intentionally-produced residual stress. 

The fatigue tests were performed by hydraulic pressurization of cylinders typically 1 m 
long with inner and outer radii, as given in Table 1, and pressure, P, as listed in Table 2. Figure 
1 is a sketch of the test specimen and some of the nomenclature. Note that the semi-elliptical¬ 
shaped surface crack from the ID surface in the sketch is typical of most, but not all, of the tests 
here. As discussed later, four of the six 155-mm tubes had surface cracks that grew from a notch 
on the outer diameter (OD) surface. The critical depth, a^ and length, 2c^ of the crack at the 
point of final failure are listed in Table 2 as crack depth and crack shape ratios. The fraaure 
toughness, K,^ and yield strength, S^, of the tube material were measured and are listed in Table 
2. For the 175-ram tube material, the standard ASTM K,,. method could be used because of the 
relatively low toughness and high yield strength. For the other materials, a J,,. test method was 
used (ref 3), and a critical stress intensity factor, K,, was calculated from 


APPLIED STRESS INTENSITY FACTOR 

Any useful description of the severity of the final failure of pressurized tubes should 
involve the applied stress intensity factor, K,p„ the fundamental driving force for a crack. At the 
least, it should be shown that 

^ 

for the final failure to occur. A general expression for K,p| for a pressurized, overstrained, 
thick-walled tube can be written as follows: 

Equation (2) is an expression for ID or OD surface cracks of depth "a" and shape factor 
Q in the same form as that of Newman and Raju (ref 4), who also gave a simple form of Q as 

<? = 1 * l.464{a/c)‘" 

The factor 1.12 in Eq. (2) is from the K solution for a shallow edge crack. The faaor (1/Q)' * 
varies from 1.00 for a straight-fronted crack (a/c = 0) to 0.64 for a semicircular crack (a/c = 1); 
this reduction in K,p, by as much as a factor of 0.64 accounts for the lower applied K for a semi¬ 
elliptical crack compared with the K for a straight-fronted crack. 

The (Sp + S, -I- P) term in Eq. (2) is made up of the following. The circumferential 
stress, Sp, due to pressure, P, at any radius, r, in the tube wall is the familiar Lame stress (ref 5) 

S, = P[{rjrf * - 1 ] <•*> 


The circumferential residual stress, S,, at any radius equal to or larger than the plastic 
radius, p, is (ref 6) 


Sr = Sy,[ir^r)^ * 1] - ln(p/r,})l (5) 

Finally, the pressure, P, is included in the stress term of Eq. (2) when there is pressure 
applied to the crack faces, typically for ID-initiated cracks. For OD cracks, P is not included in 
Eq. (2). Combining Eqs. (2) through (5) gives the expression for the applied K for the deepest 
point of a surface crack in a pressurized and overstrained cylinder, with the condition that the 
radial position of the ctack tip is (r, + 0.6 1 ) or greater. This condition is met for all tests here, 
except for the 175-mm tubes, for which = 0 and Eq. (5) does not apply. Equations (2) 
through (5) are expected to give accu.ate values for relatively shallow cracks, a/t -* 0. since the 
expressions converge to accurate lim** olutions for shallow cracks. For deeper cracks, there is 
no generally applicable limit solution available, so the accuracy of the calculated K,p, is less 
certain. However, the equations account for the factors known to be important for a surface- 
cracked cylinder-the applied and residual stresses in the wall, the pressure in the crack, and the 
effect of crack shape-in a rational and consistent manner. The results should provide at least a 
useful comparison among the various tests. 

The K,p, values from Eqs. (2) through (5) (with r set equal to the radial position of the 
crack tip) for each of the eighteen cylinder tests are listed in Table 2 and plotted in Figure 2 
versus K,^. The plot shows a dashed line corresponding to K,p, = K,j. Note that all results are 
above this line and that cylinders with relatively low K,c and correspondingly shallow critical 
crack depths are closer to the K,p, = K,e line. This is consistent with the expeaations of accuracy 
discussed in the preceding paragraph. Another check on the K,p, results from Eqs. (2) through 
(5) can be made by a comparison with the recent results of Kendall and Perez (ref 7), who 
calculated K for a pressurized tube in a similar but more comprehensive manner than that used 
here. Their results included crack configurations, which allowed a direct comparison with three 
of the four crack configurations of the 175-mm tubes, as shown in Figure 2. They are from 10 to 
20 percent above the values from Eqs, (2) through (5), which is in reasc'if.bly good agreement. 
The si^ificantly higher K,p, values compared to K,j noted in Figure 2 have been observed by 
other investigators for similar conditions. The work of Jones and Brown (ref 8) could explain at 
least some of the elevation of K,p, relative to K,^ in the results here. They found a progiessive 
increase in the critical K for fracture of a 1470 MPa yield strength 4340 steel, as the specimen 
thickness decreased. Their results, repeated here in Figure 3, were part of the basis for the 
specimen size requirements for K,j tests now widely accepted. Clark (ref 9) investigated the 
effect on measured K,, of the K level of fatigue precracking preceding the K,j test. For a 
Ni Cr-Mo steel with 1100 MPa yield strength, he found a K,j of 110 MPaVm when the fatigue K 
level was 55 MPaVm or lower and an apparent K,^ of 152 MPav^m when the fatigue K level was 
about 150 MPav^m. This type of significant increase in apparent K,^ could have been present in 
the fatigue tests here, because the fatigue K level just before final failure was inherently close to 
the K at final failure. Reuter and Epstein (ref 10) observed critical surface crack K values at 
fracture that were up to twice the K,j value of the titanium alloy investigated. They suggested 
that a loss of plane-strain constraint at the point where the surface crack intersected the free 
surface caused K,p| to be greater than K,j. 
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The CTperience of other investigators (refs 8-10) and the results herein suggest the 
following regarding the high K,p, at fracture relative to K,£. The small remaining ligament in the 
specimen certainly contributed to the high K,p, in the same fundamental way as the specimen 
thickness effect described by Jones and Brown and the free surface effect discussed by Reuter 
and Epstein. Also, the fatigue K level effect discussed by Clark probably added to the increase 
of Kjp, at fracture. Regardless of the specific cause of the high K^p, relative to K,e, this basic 
result shows that one required condition for final failure of the cylinders has been met-that the 
applied K must at least equal the material fracture toughness, K,^. The next task is to describe 
and predia, if possible, the nature of the final failure. 


YIELD-BEFORE-BREAK ANALYSIS 

The tube fatigue tests showed two locations of failure, one in Figure 4(a) where the 
dominant fatigue crack grew from the ID and finally broke through to the OD, and one in 
Figure 4(b) where the crack grev.' from an OD notch and broke through to the ID. As 
previously mentioned, imponant features of the final failure were the remaining uncracked 
ligament in the tube wall ahead or the crack of critical depth, the dimension b^, and the axial 
length of break-through of the crack, the dimension 2c,, both shown in Figure 4. These 
dimensions are believed to be important in describing the nature of the final failure. 

Irwin Plastic Zone 

The size of b, relative to the crack-tip plastic zone size, r^, may control the final failure 
of the tube in the same way that the specimen thickness relative to r^ affects the critical K in a 
fraaure toughness test (ref 8), as discussed earlier. The now classic work by Irwin (ref 11) gave 
expressions for the crack-tip plastic zone and used them to develop failure criteria for various 
engineering applications, including pressure vessels. Following Irwin’s approach, an expression 
for the plane-strain plastic zone is 

= [ll6n][K,JSy^^ (6) 

and a proposed criterion for separating between the small plastic zone case, where elastic stresses 
control fracture, and the large plastic zone case, where plastic deformation controls, is the 
following: 

In Eq. (7), 0 is a constant expected to be near 2.5, the familiar value used for separation between 
the small plastic zone case of plane-strain fracture toughness tests (ref 12) and the large plastic 
zone, the plane-stress case discussed earlier. In prior work (ref 13), Eq. (7) was used with B = 

2.5 to distinguish between different types of failure behavior of cylinders using the K,e test 
experience (ref 12) as a basis. Table 3 lists the measured b^ at failure, the ratio 6 = bo'[K,^S^|’, 
and the type of final failure for each tube test. A running-crack failure was indicated when the 
through-wall length of crack after failure was greater than the surface length of crack just before 
failure, that is. c/c^ > 1. Note that the nine running-crack failures of 175-, 155-, and 120-mm 
tubes would have been predicted by Eq. (7), since B > 2.5, but one additional 120-mm running- 


4 


crack failure would have been predicted that, in fact, did not occur. 

A plot of the results and concepts discussed above is shown in Figure 5. The line b^ = 
[K,^Sy)* is shown, which corresponds to 6 = 1. Note that this line effectively separates the tube 
tests that show a running-crack from those which do not. For b^ 5 [K,o/SJ% there is enough 
plastic yielding at the crack tip to control the final failure and prevent the dangerous running- 
crack behavior. This criterion is referred to here as the yield-before-break condition. 

s (8) 

the critical size of the remaining ligament below which a safe, plastic deformation controlled final 
failure can be expected for a pressurized tube with a surface crack. The fundamental 
requirement for yield-before-break in a tube is a plastic zone large enough relative to the 
remaining ligament that crack-tip blunting or stress relaxation occurs and prevents the running- 
crack. There was one case, mentioned earlier, for which the predictions of Eq. (8) did not match 
the tube test results: 120-mm tube #14 had a B = 1.7, which was > 1 and yet did not show a 
running-crack. Note, however, that the ratio CpC^ for #14 was the highest value of any test that 
showed yielding behavior. 

Axial Cracking Accompanying Failure 

The amount of axial cracking that occurs as a result of final failure, 2c„ is worth further 
consideration, because it is easily characterized and it is directly related to the severity of the 
failure. The amount of post-failure axial cracking relative to the pre-failure surface crack length. 
Cf/Cc (from Table 3), is compared to the relative ligament size of the yield-before-break criterion, 
as shown in Figure 6. Although there is some scatter, there is a clear linear relationship between 
c^Cj and by[KjSyf, as indicated by the linear regression line. This relationship shows a direct 
link between a useful measure of the severity of failure, c,, and key configurational and material 
properties associated with the failure, be, K,e and S^. This gives suppon to the use of the 
yield-before-break criterion for describing and predicting the severity of the final fatigue failure 
of pressurized tubes. For example, note in Figure 6 that the tubes which meet the 
yield-before-break criterion are in a cle''.rly separate group and that this group also forms a 
separate group in which c^c,. < 1. The 120-mm tube #14 previously mentioned is an exception 
here as well, but the trend is dear: yicld-beforc-brcak failures with b^ < also result in 

relatively small amounts of axial cracking, that is. c/c^ s 1. 

Yield-Before-Break in Design 

The tube results can be used to demonstrate the use of the yield-before-break criterion in 
design. Imagine the case of a pressurized tube of some given size that had a remaining ligament 
at a failure of 13 mm, which is the average b,. in Table 3. Then, using the K,j and S. values of 
Table 2, a design plot can be made, as shown in Figure 7. For tubes with these K,^ and 
properties and loading such that b^ = 13 mm, the use of a yield strength much above 1200 MPa 
will result in a running-crack type of failure. The designer could change the loading or 
configuration of the tube to decrease b^ but a far more effective way of assuring 
yicld-bcforc-brcak is to increase the [K,„'S,j ratio. This is true because the (K,,,Sy] quantity is 
squared and also because of the interrelation of K,t and S,-when S.. is decreased. K,c is 




significantly increased for nearly all materials. Therefore, small decreases in cause large 
decreases in by[KjS^]^ and in the severity of the failure expeaed. This can be clearly seen in the 
trend line in Figure 7. If only K,^ were increased while S, were held constant, the decrease in 
b^'[K,yS,l^ and the associated decrease in failure severity would not be nearly as pronounced as 
that shown in Figure 7. Other penalties associated with increasing with constant are 
increased material cost and decreased availability. 


SUMMARY 

The key findings and conclusions of this study are the following: 

1. A yield-before-break criterion for pressurized, surface tracked, high strength steel 
tubes has been developed following the approach of the Irwin plastic zone concept. For 
conditions where the remaining ligament at failure is small relative to the ligament required for 
plane-strain conditions, a yield-before-break failure is expected. In equation form, the criterion 
is 


2. Failure conditions for eighteen A723 steel tubes showed that when the 
yield-before-break criteria was met, the length of the dangerous through-wall axial crack 
accompanying failure was consistently small compared to the critical surface crack length just 
before fracture. This observation, that c/c^ < 1, provides direa quantitative suppon to the 
yield-before-break concept. 

3. The most effective way to obtain a yield-before-break condition in pressure vessel 
design is by using the minimum possible yield strength consistent with design requirements, 
because this changes each of the three key parameters in the yield-before-break criterion in the 
proper way: a reduction in b^, a reduction in {S^f. and an increase in (K,^)^ 
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Tabk 1. Tube Size and Radius Ratio, Material Characteristics 


Cylinder 

Tensile 

Material 


Measured Chemical Compositioi 

1 

2ri 

r^/r, 

Strength 

MPa 

Designation 



Weight Percent 



mm 



C 

Ni 

Cr 

Mo 

n 

S 

175 

2.13 

1390 

4335V 

0.36 

1.79 

1.16 

0.68 

0.14 

0.008 

155 

1.79 

1320 

A723 

0.33 

2.22 

0.94 

0.40 

0.10 

0.013 

105 

1.90 

1090 

A723 

0.34 

3.19 

0.87 

0.67 

0.23 

0.008 

120 

2.25 

1180 

A273 

0.33 

3.07 

1.10 

0.54 

0.13 

0.003 




























































Table 2. Fract'ire Toughness, Yield Strength, Crack Dimensions, 
and Loading Conditions 


Tube 

Fracture 
Toughness 
at 20-^ 

KfcOrK; 

MPaVni 

Yield 

Strength 

at 2 (rc 

Sys 

MPa 

Crack Dimensions and Applied Loads 

Crack 

Depth 

Vt 

Crack 

Shape 

aJ2C« 

Applied 

Pressure 

P 

MPa 

Applied 

K 

Ktp, 

MPaVm 

175-mm #31 

142 

1256 

0.43 

0.10 

345 

251 

#63 

103 

1270 

0.43 

0.41 

377 

201 

#82 

108 

1277 

0.38 

0.36 

377 

204 

#86 

117 

1249 

0.46 

0.30 

377 

231 

1 

155-mm #1 

134 

1187 

0.31 

0.05 

393 

181 

#2 

187 

1221 

0.83 

0.26 

393 

374 

#3 

152 

1207 

0.87 

0.27 

393 

373 

#5 

151 

1228 

0.28 

0.07 

393 

169 

#9 

135 

1248 

0.31 

0.10 

393 

179 

#11 

113 

1242 

0.26 

0.06 

393 

164 

1 

lOS-mm #38 

164 

1007 

0.C3 

0.18 

380 

319 

#51 

165 

994 

0.87 

0.23 

380 

306 

#66 

152 

1056 

0.79 

0.22 

414 

327 

#71 

162 

1014 

0.70 

0.12 

414 

346 

1 

120-mm #6 

152 

1173 

0.65 

0.26 

669 

515 

#14 

155 

1152 

0.60 

0.26 

669 

500 

#23 

185 

1125 

0.85 

0.18 

669 

587 

#85 

188 

1056 

0.93 

0.30 

669 

519 
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Table 3. Yicld>Before>Break Calculations and Results 


Tube 

Ligament at 
Failure 
be 
mm 

Constant 
in Eq. (7) 

Nature of Final Failure 

— 

Location 

Type 

‘Vc. 

175 ram #31 

56 

4.4 

ID 

Running 

1.73 

#63 

56 

8.5 

ID 

Running 

7.10 

#82 

61 

8.5 

ID 

Running 

7.04 

#86 

53 

6.0 

ID 

Running 

4.88 

I 1 

155 mm #1 

42 

3.3 

OD 

Running 

1.42 

#2 

. 10 

0.4 

ID 

Yield 

0.41 

#3 

8 

0.5 

ID 

Yield 

0.46 

#5 

44 

2.9 

OD 

Running 

2.22 

#9 

42 

3.6 

OD 

Running 

2.78 

#11 

45 

5.4 

OD 

Running 

2.06 

1 _ 

105 mm #38 

1 

8 

0.3 

ID 

Yield 

0.06 

#51 

6 

0.2 

ID 

Yield 

0.18 

#66 

10 

0.5 

ID 

Yield 

0.21 

#71 

14 

0.5 

ID 

Yield 

0.25 

1 

120 mm #6 

26 

1.5 

ID 

Running 

1.79 

#14 

30 

1.7 

ID 

Yield 

0.88 

#23 

11 

0.4 

ID 

Yield 

0.34 

#85 

5 

0.2 

ID 

Yield 

0.11 


I 
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Figure 1 

Tube and crack configuration 
and nomenciature 






APPLIED K, K , : MPa/m 



Figure 2 

Comparison of applied K with material 
fracture toughness. K 
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SPECIMEN THICKNESS ; mm 













Figure 4 

Types of final failure observed In 
fatigue loaded thick-wall cylinders 






LIGAMENT AT FAILURE, b ; mm 
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Figure 6 

Plane-strain ligament size compared 
with remaining ligament at failure 
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Figure 6 

Effect of critical ligament size on 
axiai crack length after failure 
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Figure 7 

Effect of material yield strength 
on severity of final failure 
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